Bismuth ferrite, BiFeO 3 (BFO), powder was synthesized by hydrothermal method from Bi(NO 3 ) 3 ·5 H 2 O and Fe(NO 3 ) 3 ·9 H 2 O as precursors. The synthesized powder was further sintered using spark plasma sintering (SPS). The sintering conditions were optimized in order to achieve high density, minimal amount of secondary phases and improved ferroelectric and magnetic properties. The optimal structure and properties were achieved after spark plasma sintering at 630°C for 20 min, under uniaxial pressure of 90 MPa. The composition, microstructure, ferroelectric and magnetic properties of the SPS samples were characterized and compared to those of conventionally sintered ceramics obtained from the same powder. Although the samples sintered using conventional method showed slightly lower amount of secondary phases, the spark plasma sintered samples exhibited favourable microstructure and better ferroelectric properties.
I. Introduction
The most attractive feature of bismuth ferrite, BiFeO 3 (BFO), is a coexistence of ferroelectric and antiferromagnetic properties in a single phase at room temperature. Bismuth ferrite has a rhombohedral distorted perovskite structure (space group R3c) with lattice parameters a = 5.5775(5) Å, c = 13.8616(8) Å, α = 90°, γ = 120° [1] . It shows spontaneous polarization along one of the eight pseudo-cubic [111] axes below Curie temperature (T C ) of 826-845°C, and antiferromagnetism below Néel temperature (T N ) of 370°C [2, 3] . Bismuth ferrite has several important properties, such as high remnant polarization (100 µC/cm 2 in a single crystal) and piezoelectricity, which makes it worth thorough investigation [4] .
Nevertheless, there are several issues related to the synthesis and processing of polycrystalline bismuth ferrite. The most important are: thermodynamic instability of BiFeO 3 in the 447-767°C temperature range, sensitivity to even very small amounts of impurities, and evaporation of Bi 2 O 3 at higher temperatures, all of which lead to formation of the substantial amount of secondary phases in the final product, and difficult fabrication of high purity bulk samples [4, 5] . Although various syntheses methods have been used to prepare BiFeO 3 powders, starting from solid state reaction to wet chemical methods (sol-gel, co-precipitation, hydrothermal, microwave-hydrothermal, sonochemical and auto-combustion methods) [6] , formation of the secondary phases cannot be avoided in any of those methods, while their amount can be significantly lowered by careful optimization of the processing conditions. Several research teams have reported successful preparation of phase pure bismuth ferrite powders, using methods such as molten alkali metal salts [7] and mechanochemical synthesis [8] [9] [10] . Another important problem in fabrication of BFO ceramics is difficult densification of the powders during sintering. According to literature data, it is extremely difficult to reach densities exceeding 90 %TD (theoretical density) [5] . Some alternative sintering techniques, such as rapid liquid phase sintering [6] [7] [8] [9] [10] [11] or microwave sintering of BFO [12] , have been applied to improve both purity and density of the final product. Among different sintering methods, spark plasma sintering (SPS) has been recognized as a potentially efficient method of preparation of highdensity and single phase BFO ceramics with improved dielectric, ferroelectric and magnetic properties [13] . For example, SPS of powders, previously treated in a high-energy ball mill, resulted in high-density BFO samples (density up to 97 %TD) [14, 15] . Although several studies reported on SPS of BFO ceramics, the full potential of employing this sintering method in processing a fully dense, phase pure BiFeO 3 ceramics is not still sufficiently explored. For example, very limited data on magnetic properties of BFO ceramics, processed by SPS, were presented in some of those studies, indicating enhanced magnetization [16] of the SPS samples in comparison with the samples processed using more conventional sintering methods.
Most recently, we used hydrothermal method to synthesize a high purity BiFeO 3 powders (99.9% phase purity) with only 0.1 wt.% of Bi 2 Fe 4 O 9 as a secondary phase. Those high purity powders were further sintered in the bulk samples with 96 %TD after sintering [17] using combination of pressing at high pressure of 9 t/cm 2 (883 MPa) and conventional sintering at 800°C for 2 h. Since the relative densities of the bulk BFO samples in that study are very close to the densities reached by SPS, we can conclude that these two methods are probably the most promising for preparation of high density bulk BFO ceramics.
In this paper, we compared composition, microstructure, ferroelectric and magnetic properties of bismuth ferrite ceramics sintered by spark plasma sintering and conventional methods. In both cases we used the same hydrothermally synthesized precursor powder. The ceramics samples were characterized by the same methods, under the same conditions. It was found that the samples prepared by SPS showed better ferroelectric and magnetic properties.
II. Material and methods
The chemical reagents used to prepare BiFeO 3 powder in this study were bismuth(III) nitrate pentahydrate (Bi(NO 3 precursors. Detailed explanation of synthesis method is given in our previous article [17] . Two series of ceramic samples were prepared: samples sintered in conventional furnace (CFS samples) and spark plasma sintered (SPS samples).
CFS samples processing: Optimal processing conditions were chosen based on the previous study [17] . The powders were pressed under pressure of 9 t/cm 2 (883 MPa) into pellets of 6 mm in diameter and sintered at 800°C, for 2 hours under ambient conditions in a tube furnace (heating rate of 5°C/min).
SPS samples processing: Sintering was performed in the SPS (Model # SPS 25-10, Thermal Technology LLC) using a graphite die with the diameter of 16 mm. The samples were heated at different temperatures (600 to 700°C) with heating rate of 100°C/min, and held at the target temperature for 10 to 20 minutes under the constant flow of the ultra-high purity argon (99.999%). Uniaxial pressure of 90 MPa was applied before the heating cycle and maintained until the sample cooled to the ambient temperature with a cooling rate of 100°C/min. Those sintering temperatures have been chosen based on the results of the previous studies [15, 18, 19] . All SPS samples are further denoted in this study as SPS(sintering temperature in°C)-(sintering time in min). Therefore, the sample SPS600-10 for example, denotes the sample sintered at 600°C for 10 min. After sintering, the samples were annealed at 600°C for 6 h, in air atmosphere to compensate for eventual oxygen non-stoichiometry after sintering in inert atmosphere.
The BiFeO 3 powder was examined by X-ray diffraction analysis (XRD) (D8 X-ray, Bruker). Unit cell parameters and phase composition were calculated using LSUCRI [20] and FullProf programs [21] , respectively. Density of the samples was determined by Archimedes method, using alcohol immersion procedure described in more details elsewhere [22] . The microstructure of the powders and sintered samples was investigated by scanning electron microscopy (TESCAN Vega TS 5130 MM). The sintered samples were polished and further thermally etched at 720°C for 45 minutes in the ambient air before SEM analysis.
Standard bipolar polarization hysteresis measurements of the samples were performed on Precision Multiferroic Test System (Radiant Technologies, Inc.). Precision Multiferroic Test System consists of Multiferroic Test Unit, High Voltage Interface Unit to 4000 V, and High Voltage Ampifier to 4000 V. Silver electrodes were applied on the samples before measurements, while the sample holder was made of platinum, providing good electrical contacts.
Magnetization hysteresis measurements were carried out using commercial MPMS5 SQUID magnetometer. Besides the usual temperature interval of 2-400 K, the oven inserted within this instrument was used to measure the magnetization in high temperature region of 300-800 K. Combining both temperature intervals the real zero-field-cooled (ZFC) and field-cooled (FC) temperature dependences of magnetization were measured in constant applied field, together with magnetic hysteresis loops in magnetic fields up to 50 kOe (5 T) at several temperatures.
III. Results and discussion
According to XRD analysis (Fig. 1a) , the starting powder was almost pure BiFeO 3 since it contained only 0.1 wt.% of the secondary Bi 2 Fe 4 O 9 phase [17] . XRD patterns of ceramics sintered by conventional method are compared to those of the SPS samples prepared at different sintering conditions (Figs. 1b-h ).
The unit cell parameters of the CFS samples and assintered SPS samples (Table 1) were slightly larger than those provided in the literature for the rhombohedral bismuth ferrite (space group R3c) [1] . In addition, in the case of the SPS samples the parameter a slightly increased with sintering temperature. It can be seen from Table 1 , that post sintering annealing at 600°C had no influence on unit cell parameters, i.e., they can be consider identical to the parameters of the as-sintered samples taking into account accuracy of the fitting. The CFS sample contained less than 5 wt.% of typical sec- Formation of the secondary phases in the SPS samples is related to partial loss of bismuth and oxygen during sintering in inert atmosphere [23] , but we should also take into account carbon contamination that was found in some of our samples (Fig. 1g ) and possibility that partial reduction occurred due to the contact between the samples and a graphite die. The graphite die can react with oxygen from the sample at temperatures above 600°C that would further decrease oxygen partial pressure, especially in the pressing tool. CO is most likely the product of the reaction and its formation lead to the further reducing atmosphere and intensive gas phase transport between the sample and die. Reduction of oxides or even precipitation of carbides and carbon in the sample can occur as a final result of these processes [24] . Obviously, all these processes become more intensive with increase of temperature, and the non-stoichiometry is more pronounced and, probably, irreversible at some point. In the samples sintered above 650°C, decomposition of BFO as well as reaction with carbon significantly increased, and those samples were dismissed for further investigation. The latter confirms the results of previous studies [23] showing that in some cases, a pure BFO cannot be obtained by SPS even after post-sintered annealing. Additionally, it has been shown that change of post-sintering annealing atmosphere can significantly affect the phase composition of BFO ceramics sintered by the SPS method. Wang et al. reported a pure BFO phase after annealing in oxygen atmosphere [23] . Although they found lower conductivity in oxygen-annealed samples than in ones annealed in air, some other authors came to the opposite conclusions [19] ; they found increased conductivity in oxygen-annealed samples, and the reasons for this discrepancy are not clear at this moment. As a result of trade-off between single-phased ceramics and its conductivity, we choose air atmosphere as a compromise between these two requests. We can conclude that control of phase composition during spark plasma sintering of oxide ceramics is very delicate and demands careful and detailed optimization of sintering and post-sintering annealing conditions. Microstructural analysis of the starting hydrothermally synthesized BFO powder showed mostly irregularly shaped submicron particles, with very few of them exceeding size of 1 µm, (Fig. 2a) . SEM images in backscatter electrons (BSE) mode of the CFS sample in Fig. 2b reveals microstructure consisting of irregularly shaped grains. Most of the small grains have size below 1.5 µm, while the size of the larger ones ranged between 3 µm and 5 µm. The small content of Bi 25 FeO 39 and Bi 2 Fe 4 O 9 phases was clearly observed in Fig. 2b as white and dark grey grains, respectively. The CFS samples, processed under optimal pressing and sintering conditions, reached 96 %TD [17] , and we could not achieve such high densities by SPS. Serious deterioration of phase composition was observed at higher temperatures that were needed for better densification. Density of the SPS samples sintered at 600°C was very low, about 74 %TD.
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SEM analysis of the sample SPS600-10 also confirmed high porosity and incomplete sintering process (Fig. 2c) . The grains are also irregularly shaped, significantly smaller than in the CFS sample, mostly ranging between 1 and 2 µm in size. Small amount of secondary phase was found in some parts of the sample. Increase of sintering temperature to 650°C led to much higher densities, reaching 90 %TD. The grains of BFO in the sample SPS650-10 ( Fig. 2d) have similar size and mor- phology as the grains in the CFS sample, but the amount of the secondary phases is higher. Decrease in sintering temperature to 630°C and extension of sintering time to 20 min resulted in BFO ceramics ( Fig. 2e ) with similar density as in the sample SPS650-10, but with lower amount of the secondary phases. The sample SPS630-20 shows favourable microstructure in terms of better crystallinity, well defined grain boundaries and the absence of agglomerates. Ferroelectric measurements were performed only for sufficiently dense samples, i.e. in those having relative densities above 90 %TD. The polarization (P) versus electric field (E) hysteresis loops of CFS and SPS630-20 samples are presented in Fig. 3 . The values of remnant polarization (P r ) for both samples are relatively small, 0.59 µC/cm 2 and 0.76 µC/cm 2 for the CFS and SPS630-20, respectively, and they are in accordance with literature data [12, 16, [26] [27] [28] . The SPS630-20 sample exhibited significantly higher coercive field of 10.4 kV/cm compared with 2.77 kV/cm for the CFS sample. Also, the CFS sample could not withstand application of higher electric fields (>10 kV/cm). Significantly higher values of the breakdown fields in the SPS samples indicate lower leakage currents. The higher coercive field could be attributed to its larger grains, because a switching of ferroelectric domains is more difficult inside a large grain than in small one [29] . A less roundish shape of the hysteresis loop confirms that a leakage current is lower in the SPS sample (Fig. 3) , which is interesting as it contains slightly higher amount of the secondary phases. Even more importantly, the SPS samples can also contain higher concentration of oxygen vacancies that contributes to low resistance of the sample due to the reduction atmosphere during sintering, as mentioned in discussion of XRD results. Obviously, some other features, such as Fe The magnetization (M) versus magnetic field (H) hysteresis loops at 5, 300, 600 and 700 K (Fig. 4) for the CFS and SPS630-20 samples clearly show small deviation from linear field-dependence of magnetization, which indicates antiferromagnetic order. Widening of M-H loops at low temperatures points to the development of weak ferromagnetism originating from the spin-spiralling [31] within antiferromagnetic order, established below the Néel temperature of about 620 K. M-H hysteresis loops of both samples showed a shift and coercivity enhancement at 5 K and 300 K, (insets of Fig. 4 ) that might be related to the exchange bias effect, as usually observed in BiFeO 3 [32] .
The temperature dependence of magnetization for the CFS and SPS650-10 samples are shown in Fig.  5 . We presented M-T results for sample SPS650-10 with higher amount of secondary phases (Fig. 5b ) in order to clearly observe influence of Bi 2 Fe 4 O 9 phase on magnetization. Both samples showed small values of magnetization (M ≈ 0.01 emu/g) under zero field cooling and field (H = 1000 Oe = 0.1 T) cooling (Fig.  5) . Nevertheless, magnetization of the SPS sample is higher than that of the CFS samples and it is also in good agreement with results of Wang et al. [16] , who also found enhanced magnetization in samples obtained by spark plasma sintering. The obtained magnetization values of the SPS samples are similar to values obtained by rapid liquid-phase sintering technique [33] and higher than values reported for ceramics obtained by microwave sintering [12] . Magnetization of both samples decreased as temperature decreased from 620 K to 100 K, which is typical for antiferromagnetics. In further cooling from 100 K to 4 K, the magnetization slightly increased, as shown in Fig. 5 . Apparent peak in the ZFC curves and corresponding changes in the slope of FC curves at 623 K for both samples indicate the antiferromagnetic-paramagnetic transition. The small changes in the slope of ZFC curves at about 265 K correspond to the ferromagnetic-paramagnetic transition of Bi 2 Fe 4 O 9 , confirming the presence of this secondary phase in both samples.
IV. Conclusions
Bismuth ferrite ceramics was obtained by conventional and spark plasma sintering of hydrothermally synthesized powders. It was found that all samples contained small amounts of secondary phases, Bi 2 Fe 4 O 9 and Bi 25 FeO 39 . The optimal processing conditions for the SPS method were 630°C for 20 min, under uniaxial pressure of 90 MPa. The ceramics sample prepared under these conditions showed optimal relation between density and concentration of secondary phases. Although not as high as 96 %TD obtained by conventional method, spark plasma sintering also provided satisfactory densification of up to 90 %TD. On the other hand, spark plasma sintered samples showed better saturation of electric polarization and higher values of coercive field than conventionally sintered BFO. 
